Graphene has been identified as an emerging horizon for a nanoscale photonic platform because the Fermi level of intrinsic graphene can be engineered to support surface plasmons (SPs). The current solid back electrical gating and chemical doping methods cannot facilitate the demonstration of graphene SPs at the near-infrared (NIR) window because of the limited shift of the Fermi level. Here, we present the evidence for the existence of graphene SPs on a tapered graphene-silicon waveguide tip at a NIR wavelength, employing a surface carrier transfer method with molybdenum trioxides. The coupling between the graphene surface plasmons and the guiding mode in silicon waveguides allows for the observation of the concentrated field of the SPs in the tip by near-field scanning optical microscopy. Thus the hot spot from the concentrated SPs in the graphene layer can be used as a key experimental signature of graphene SPs. The NIR graphene SPs opens a new perspective for optical communications, optical sensing and imaging, and optical data storage with extreme spatial confinement, broad bandwidth and high tunability.
T he high carrier mobility, which originates from the fact that free carriers in graphene behave as massless Dirac Fermions 1 , makes graphene a good candidate for SPs at broad bands [2] [3] [4] [5] [6] [7] [8] . Intrinsic graphene cannot support SPs due to its low carrier density. However, the atomically thin nature of graphene provides the exciting opportunity of increasing the free carrier density by tuning its Fermi level through either an electric gating or chemical doping [9] [10] [11] [12] [13] [14] [15] [16] [17] . The conventional solid back electric gating method can lift or lower the Fermi level of intrinsic graphene through the electron injection (n-type doping) or hole injection (p-type doping) 18 . However, the achieved doping level is low as limited by the breakdown of the dielectric material of the gating, which restricts the operating wavelengths of SPs to the range from terahertz to mid-infrared [11] [12] [13] . A larger Fermi level shift is possible with an ion gel layer 19 ; however, the replacement of air with the thick ion gel layer on top of graphene limits the application of the devices. Alternatively, a high doping level can be achieved through chemical doping by the surface treatment induced defects without a thick cladding layer 14, 20, 21 . A shift of 1 eV of Fermi level is even possible by chemical doping with intercalating few-layer graphene with ferric chloride 22 . However, the interaction between the layers changes the electronic properties of single layer graphene, and tampers the condition for supporting SPs.
Here, we present the first observation of graphene SPs on a tapered graphene-silicon waveguide tip at a NIR wavelength, through lifting its Fermi level using a surface carrier transfer method with molybdenum trioxides (MoO 3 ). A thin layer of molybdenum trioxides was deposited on top of the graphene layer (Fig. 1a) . The electron affinity arising from the difference in work functions drives the surface electron injection from the graphene layer to the MoO 3 layer, when these materials are located in a close proximity 23, 24 . Thus, the graphene layer becomes pdoped with free holes. The shift of the Fermi level induced by surface carrier transfer can change the equilibrium lattice parameter and the phonon dispersion in graphene 25, 26 . Specifically, the lattice of graphene contracts as the free hole density increases. Thus, the strong phonon-hole coupling in graphene results in a corroborative connection between the Raman spectra and the electronic structure 27 , which allows one to directly determine the Fermi level by Raman spectroscopy.
Even though the carrier density in graphene can be increased to support graphene SPs at the NIR regime, the observation of NIR SPs remains a major challenge due to the low coupling efficiency associated with the small mode area of graphene SPs. In addition, the effective wavelength of graphene SPs excited at a NIR wavelength is at , which is beyond the resolution capability of current optical characterization systems. The desirable strong confinement of SPs is associated with an extremely large wave vector, which makes the efficient coupling of graphene SPs difficult, and thus presents an obstacle for the observation. To overcome these problems, we couple the graphene SPs with the guiding mode in silicon waveguides, as achieved by placing a mono-layer of graphene on top of a silicon waveguide (Fig. 1b) . This is similar to plasmonic nanostructures integrated with dielectric structures to achieve coupling between the plasmonic and dielectric guiding modes [28] [29] [30] . Consequently, the coupling of graphene SPs and the guiding mode in silicon waveguides allows for the efficient excitation of graphene SPs by a fiber coupling method. The tapered geometry at the end of the waveguide results in the strong plasmonic field confinement at the apex of the tip end. Thus the emergence of such a hot spot from the concentrated SPs in the graphene layer can be used as a key experimental signature of graphene SPs.
The graphene-silicon waveguide was fabricated by nanofabrication on a silicon-on-insulator (SOI) wafer (see Methods and Supplementary Section S1). The thickness of the silicon layer was 260 nm. A thin layer of SiO 2 of 3 nm was grown on top of the silicon layer to separate the graphene layer from the silicon layer. A monolayer graphene grown by the chemical vapour deposition (CVD) method was then wet-transferred onto the top of the silicon waveguide. A 6 nm thick layer of MoO 3 was deposited on the top of the graphene layer for the surface carrier transfer process, which was measured by the quartz crystal microbalance sensor during the deposition process. The surface roughness (Ra 5 0.52 nm) after the deposition was confirmed to be negligibly small by an atomic force microscope (AFM) (inset of Fig. 2a ). The propagation length of the mode at a free-space wavelength of 1550 nm in the straight silicon-graphene waveguide is strongly enhanced after the surface carrier transfer to shift the Fermi level of the graphene layer (see Supplementary Section S2). The enhanced propagation length allows us to design the tapered waveguide structure for concentrating SPs at the tip end. The scanning electron microscope (SEM) images of the resulting structure are shown in Fig. 2a . The tapered graphene-silicon waveguide tip has a width of 2 mm in the uniform region and a length of 8 mm. The apex diameter of the tapered tip was 36 6 2 nm. It should be noted that the orientation and quality of the edges of graphene start to influence the surface plasmons once the size of the graphene coated silicon tip is further decreased to a few nanometers 31 .
To confirm the changes of the Fermi level after the surface carrier transfer, we measured the Raman spectra of the graphene layer (see Methods). Both the SEM images and the Raman G peak image (inset of Fig. 2a) clearly indicate that the graphene layer has been covered on top of the tapered silicon waveguide tip. The slight inhomogeneity in the Raman mapping is likely due to residue PMMA composites that change the strength of the Raman signals. The Raman spectra for both the dark and bright parts in the Raman mapping exhibit the characteristics of graphene as shown in the inset of the Fig. 2a , which confirms the continuity of the graphene layer. Fig. 2b reveals the shifts of the Raman spectra after the deposition of the MoO 3 layer. The 2D peak at ,2670 cm 21 involving phonons near the K point in the first brillouin zone of graphene is sensitive to the lattice constant of graphene and thus allows the use of the 2D peak shift to distinguish between electron and hole doping 32 . The observation of the upshift of the 2D peak from 2670 cm 21 to 2690 cm 21 in our experiment indicates a p-type doping with an increased free hole density 32 . The G peak at ,1587 cm 21 involving phonons near the C point in the first brillouin zone is sensitive to the absolute value of the Fermi level due to the modification of the phonon dispersion close to Kohn anomalies 33 . The dependence of the Fermi level of the 2D mode is much stronger than that of the G mode. The ratio of the intensity of the 2D peak (I(2D)) to the intensity of the G peak (I(G)) exhibits a clear dependence on the Fermi level, and can be used to determine the level of doping in graphene 32 . Based on the dependence of the I(2D)/I(G) on the Fermi level in an electric gating experiment of a graphene transistor 25, 32 , the shifts of the Fermi level can be projected from I(2D)/I(G) as shown in Fig. 2c . The I(2D)/I(G) changes to 0.5 after the surface carrier transfer, corresponding to a down-shift of 0.8 eV in the Fermi level (E F ) when the thickness of the MoO 3 layer is 6 nm (Fig. 2c) . The changes of the Fermi level can also be determined from the upshift of the G peak and the changes in the ultraviolet photoelectron spectroscopy, which is consistent with the result determined from the I(2D)/I(G) (see Supplementary Section S2). As a consequence, the Fermi level changed greater than 0.6 eV after the surface carrier transfer with MoO 3 can allow graphene SPs at the NIR wavelength of 1550 nm at the experimental condition (Supplementary Section S4). The slight asymmetry of the G peak after doping might be attributed to the local inhomogeneity of doping 34 
.
Based on the Fermi level determined in the experiment, the effective mode index of the TM polarized graphene SPs in different Fermi levels as a function of the waveguide width can be calculated by the eigen-mode solver with the finite element method on the 2D crosssectional geometry. The complex permittivity of graphene is calculated with Kubo formula and the graphene layer is considered as a thin film with a thickness of 0.5 nm (see Methods). Fig. 3a shows the simulated effective mode index (n eff ) of the graphene SP mode in different Fermi levels. The effective mode index of the graphene SPs decreases as the absolute value of Fermi level increases. The effective mode index of the TM polarized guiding mode in silicon waveguides is also presented in Fig. 3a for comparison. Due to the strong confinement of graphene SPs, the graphene layers can support modes at a width much smaller than the cutoff width of the guiding mode in silicon waveguides. Consequently, a hot spot at the end of the tapered graphene-silicon waveguide tip can be observed only if the graphene SPs can be excited efficiently.
The excitation efficiency of graphene SPs can be enhanced by the coupling between the graphene SPs and the guiding mode in silicon waveguides. The graphene SPs and the guiding mode in silicon waveguides couples when the graphene layer and the silicon layer are in the close proximity (see Supplementary Section S4). The fraction of power coupled into graphene SP mode gradually increases as the absolute value of the Fermi level increases. This is due to a smaller effective mode index mismatch between the silicon waveguide mode and the graphene SPs with a higher doping level. Thus, the graphene SPs can be excited by using conventional coupling methods such as fiber coupling. In order to demonstrate this, a three-dimensional simulation of light propagation through the tapered graphene-silicon waveguide tip with different Fermi levels is carried out by the finite element method (See Methods). A plane wave polarized perpendicular to the plane of the graphene surface is excited at the end facet at a free space wavelength of 1550 nm for the excitation of TM mode. The intensity distributions in the cross section in the YZ plane in the center of the tapered graphene-silicon waveguide tip are shown in Fig. 3b . As the absolute value of Fermi level increases, the intensity near the graphene layer at the end of the tip increases. This is also evident in cross section XY plane as graphene SPs are concentrated at the end of the tip (Fig. 3c) . Consequently, a highly enhanced field at the sharp tip of the tapering end arising from the concentrated graphene SPs can be observed, which cannot be achieved in dielectric tapered structures due to the cutoff.
The simulation result of the intensity distribution on top of the graphene layer is shown in Fig. 4a . The result is convoluted with the point-spread function of the near-field scanning optical microscopy (NSOM) probe by considering the resolution of the optical system. As light propagates along the z axis, the intensity begins to drop at the position of ,700 nm with respect to the apex of the tip, where the width of the tip is around 200 nm. The decay of intensity along the tapered tips can be attributed to the cutoff of the guiding mode in silicon waveguides at this critical width. Similarly, the intensity starts to decay at the same tip width in the simulation of the tapered tip without graphene, as shown in Fig. 4b . The simulation shows that the hot spot related to the changes of Fermi level of the graphene layer appears at a position ,100 nm away from the end of the tip due to the strong spatial confinement of graphene SPs. The intensity of the cross section along the x and z directions reveals an enhancement of the intensity owing to the concentrated graphene SPs compared with the waveguide without the graphene layer (Figs. 4e and 4f) . In addition, the intensity of the hotspot increases as the absolute value of the Fermi level increases owing to a higher coupling efficiency (Fig. 4g) .
In order to confirm the simulation result, we carried on the nearfield characterization of the tapered graphene-silicon waveguide tip using a NSOM (see Supplementary Section S2). Indeed, a hot spot appear in the graphene-silicon waveguide tip after the surface carrier transfer with MoO 3 to shift the Fermi level by 20.8 eV (Fig. 4c) . The consistency of the intensity profile and the intensity ratio compared with the sample without graphene (I(with Gr)/I(w/o Gr)) between the simulation and the experimental results confirms that the hot spot originates from the confinement of graphene SPs (Figs. 4e-g ). In contrast, no hot spot is observed at the end of the tapered silicon waveguide tip without graphene (Fig. 4d and 4f) . The full width at half maximum (FWHM) of hot spot is measured ,180 nm limited by the spatial resolution of the NSOM probe.
To verify the polarization property of the surface plasmons in graphene, we carried out more control experiments by coupling light at different polarization states. Under illumination where the electric field is along the plane of the graphene surface to excite the transverse electric (TE) mode, it can be seen that the near-field distribution of the tapered graphene-silicon waveguide tip is almost identical to that without the graphene layer due to the lack of supporting graphene SPs at this polarization state.
The influence of the thin layer deposition of MoO 3 on the cutoff of the tapered silicon waveguide can be excluded since no hot spot at the end of the tip can be observed in the MoO 3 coated silicon tip without graphene under TM polarization (see Supplementary Section S6). Meanwhile, the numerical simulation reveals that the surface roughness of the silicon layer and the MoO 3 layer has a negligible effect on the concentrated hot spot at the end of the tapered tip. (see Supplementary Sections S7). Thus, these results led to the solid con- clusion that the appearance of the hot spot at the end of the tapered tip can be attributed to the presence of graphene SPs at the NIR regime. In the future, a high resolution NSOM beyond 10 nm may provide a direct evidence to the graphene SPs through directly mapping the wavelength and the lifetime of SPs. The proposed surface carrier transfer method opens new perspective for extending graphene SPs to NIR regimes, even possible to visible windows. The demonstrated approach combining its unique properties of broad bands and tunability may further spur the development of graphenebased plasmonic devices with a deep sub-wavelength confinement for a wide range of optical applications 3, [35] [36] [37] [38] [39] [40] [41] [42] .
Methods
The silicon waveguide was fabricated with a silicon-on-insulator (SOI) wafer (Soitec). A pattern was formed on a resist layer coated on top of the wafer by Ebeam lithography (EBPG 5000, Vistec). Then the pattern was transferred to the chromium layer by the lift-off process. The chromium layer served as a hard mask for the reactive ion etching of the silicon layer with a mixed gas process (C 4 F 8 and SF 6 ). Then the chromium layer was removed by a chromium etchant (Transene). A SiO 2 layer of 3 nm was grown on top of the silicon layer by the atomic layer deposition. The single layer graphene grown on copper by the CVD method was then wet-transferred onto top of the silicon waveguide (see Supplementary Section S1).
The Raman spectra and images were measured on WITEC Alpha 300 confocal micro-Raman system equipped with a 532 nm laser source and 1003 objective lens. The surface morphology of MoO 3 -coated graphene films was characterized with AFM (Veeco Multimode V) in the tapping mode. The SEM image was captured on FEI NovaNanoSEM 430 scanning electron microscopy.
The simulation results of the effective mode index and the field distribution in Fig. 3a, Fig. S4, Fig. S6, Fig. S7 and Fig. S10 are calculated by the eigen-mode solver of finite element method (Comsol) on the 2D cross-sectional geometry. The simulation results of the mode distribution in Figs. 3b-c, Figs. 4a-b, Figs. 4e-g, Fig. S9b and Fig.  S12 are calculated by the finite element method (CST) on the 3D tapered structure geometry. The complex permittivity of graphene is calculated using the Kubo formula 43, 44 and the graphene layer is considered as a thin film with a thickness of 0.5 nm 9 (see Supplementary Section S4). The frequency dependent optical conductivity (s) of graphene considering both the interband and intraband optical transitions is calculated by
where e is the electron charge, h is the reduced Planck's constant, v is the angular frequency, E F is the Fermi level and t is the relaxation time. By considering the carrierphonon scattering 1 , a relaxation time of 0.03 ps consistent with the literature is used in the simulation. 
